Forecasts up to 2050 are made of consumption of the following metals: Fe, Al, Cu, Mn, Zn, Cr, Pb, Ni, Si, Sn, rare earths, Mo, Li, Sb, W, Ag, Co, In, Au, Ga, Pt and Pd. The forecasts are based on the linear decoupling model of the relation between per capita metal consumption and per capita GDP. The models of each metal are applied to the economic development model of BRICs and G6 countries. According to these forecasts, the overall consumption of metals in 2050 will be five times greater than the current levels, and demand for metals, such as Au, Ag, Cu, Ni, Sn, Zn, Pb and Sb, is expected to be several times greater than the amount of their respective reserves. Demand for Fe and Pt, which is considered to be optimistic about the resource exhaustion, will also exceed the current reserves. Urgent measures are needed to find alternatives from common resources and to shift into sound materials circulation society.
Introduction
The global demand of metal resources is increasing very rapidly. Scenarios of resource consumption from a backcasting viewpoint are required to reduce a resource supplying risk. In order to prepare these scenarios, a forecasting of resource consumption in a long term is necessary. ''The Global 2000 Report to the President'' 1) was published at 1970s in the era of economic development. Forecasting reports by Tilton 2) and Cox 3) were reported at 1990s in the era of moderate growth. JOGMEC (Japan Oil, Gas and Metals National Corporation) reported 4) a medium-term forecast at the latest days. JOGMEC's report predicts that Cu consumption will increase up to the range between 19 million tons and 37 million tons, Pb will increase between 8.4 million and 9.55 million tons, Zn between 11.6 million and 14 million tons, and Ni between 1.8 million to 2.7 million tons. This paper makes a longer-term forecasting of the consumption of several metals up to the year 2050 in order to comprehend the degree of the resource supplying risk at the current moment.
Since the Club of Rome proposed ''Limits of Growth'' in 1970, continuous upward growth has not been a prerequisite of economic activities; rather, there has been a shift toward low resource consumption-based growth because of limited resources. The authors' analyses of how the state of decoupling has appeared in the consumption of individual metals have revealed that most metals have reached a weak state of decoupling. 5) However, even though the state of decoupling is required within the ''Limits of Growth,'' it was necessary to examine if sufficient conditions existed within a separate context. The results showed that not only economic development and material consumption in the case of Si has been moving from a state of coupling to decoupling, but metals such as Cu and Fe are also headed toward a state of decoupling, and demand is rising to construct a technological base that can bring about an even greater state of decoupling.
In the 1960s, economic growth was limited to a relatively few countries that had about 20% of the world's population, but economic growth today is occurring in heavily populated countries on a global scale, and it is doubtful whether the current process of decoupling will be able to react to the subsequent explosive growth in consumption. The present paper applies the authors' model of per capita correlations of the state of decoupling of various metals to estimated for growth of so-called BRICs (Brazil, Russia, India, China), which will be showing remarkable growth into the near future, and the original G6 countries of Japan, USA, UK, France, Germany, and Italy to estimate the consumption of these metals until the year 2050. In addition, by looking at how much demand for resources will exceed the present reserve until the year 2050, this paper will be able to contribute to the discussion on ''Limits of Growth'' from a new time frame.
Methodology
Estimates of future population and GDP have been made by various entities such as the United Nations. 6) In October 2003, Goldman Sachs integrated estimates for GDP and population between BRICs and G6 countries in a report titled ''Dreaming with BRICs: The Path to 2050''.
7) It should be noted that this report was apparently the first to use the term ''BRICs''. Figure 1 shows estimated per capita GDP for each country up to the year 2050, while Fig. 2 shows population estimates for the countries. The per capita correlation for the consumption of various metals, shown as coefficients in Table 1 by referring to the author's book, 5) were used in the following equations:
Here, x shows the per capita GDP for each country in each applicable year, and y M shows the per capita consumption of a metal M. It should be noted that the right-side column of These data were used first to estimate the amount of each metal consumed from 2005 onward, then the calculated values for each country were added on to estimate consumption for 5-year time blocks. Furthermore, the consumption of each metal for each year was interpolated from the 5-year block data and totaled to derive the cumulative consumption for up to that year. Fig. 4 onward show the results of calculations for predictions. The A graph shows the calculated consumption of various metals for each year in a 5-year block which have been added together and depicted as bar graphs for consumption for each country. In the case of Fe, demand is expected to rise steadily to nearly 2.5 billion tons/year by 2050, or about 5 times the current consumption. In addition, looking at the make-up among nations, we can see the increase in demand in the G6 countries slows down, but China's share of consumption will continue to rise steadily until 2030, and after that, growth of consumption in India is expected to become a dominant factor in overall Fe consumption. The B graph shows cumulative consumption. The darker bottom sections of the bars depict the existing cumulative consumption at 2005, while the lighter shaded sections show the accumulated consumption that is predicted for the applicable year. The solid line shows the sum of existing cumulative consumption and current reserves, while the dashed line depicts the sum of existing cumulative consumption and reserve base. In the case of Fe, the cumulative consumption at 2050 is predicted to be at roughly the same level as current reserves, so demand will rise to withdraw from the existing economic system and develop new materials. The consumption of all target metals is expected to increase until 2040. However, the decoupling effect should appear for Mn, Zn, Cr, Pb, and Sn, and their annual consumption should decrease. The main consumers of these metals are expected to shift from G6 to BRICs. However, in the cases of Si, Li, In, Ga, Pt, and Pd, the share of consumption in G6 is expected to remain large, even in 2050. Nevertheless, BRICs will still likely account for more than 50% of total consumption of all of these metals.
Results
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Looking at the relation between cumulative consumption and present reserves, it appears that consumption of only a few metals, i.e., Fe, Al, Cr, Co, and rare earths, will be at or below the present reserve levels. Furthermore, the current reserves of Fe will likely be depleted by 2050. At the same time, demand for In, Sn, Ag, Zn, Pb, Au, Cu, Ni and Pd will likely exceed the reserve base. While consumption of most of these metals is expected to slacken off after 2040, the state of decoupling will probably not be achieved due to the limitations of resources expressed in the reserve base.
Discussion
In order to make the relation between metals consumption and reserves more understandable, expected cumulative consumption at 2020 was compared with the present reserves, as shown in Fig. 4 . The downward-extending bars in the figure represent today's reserves. The upper bars indicate the reserve base when reserves are set at 1. When an upward-extending bar graph crosses the 1 line, it signifies that the amount of current reserves has been depleted; when it passes a bar, it means that the reserve base has been depleted. By 2020, it is predicted that the cumulative consumption of In, Ag and Pb will be exceeded the current reserves, and the present reserves of Au, Cu and Sn will be depleted. In fact, Ag will already be experiencing immense pressure on its reserve base by that time. In the case of In, consumption at that time is expected to have grown to 20 times the current reserves, so it will not be possible to meet demand unless sufficient technological advances are made and/or drastic revisions are made in target resources. Figure 5 shows that in 2050, the situation will be even more gloomy. The current reserves of nearly all metals will have become depleted, and even the reserve base will be exceeded. In the previously mentioned case of In, the metal has a relatively short history and there is plenty of room for technical reconsiderations about its use as a resource, extracting and smelting technologies, etc. But this is not the case for Cu, Au, Ag, etc., for which extraction and processing technologies have already matured. Regarding metals for which mines have been developed and exploration is being undertaken on a global scale, dramatic technological innovations like those which were made up to the 20th century are needed to make extremely effective device designs and material designs to match consumption and use patterns. Demand is also rising for technological development of alternative resources that still have some latitude like Al, and for all-out efforts to develop alternative and recycling technologies so that once used resources can be used again. It should be noted that two factors can affect the accuracy of these predictions. One is the applicability of the per capita correlation values between metal consumption and GDP; the other the accuracy of the Goldman Sachs predictions. In the case of the former, we can get a good idea of the accuracy by considering the error between actual data obtained for metal consumption, GDP, and population, and predictions based on uses, while the consumption model included demand for Pt for jewelry. In the case of Ni discrepancies, upon close inspection it appears that the cause huge differences between actual and predicted values for the United States and European countries. This is because the main use of Ni is as a material for providing corrosion resistance in stainless steel, etc., and the consumption model for high-temperature, high-humidity Japan does not correspond with the consumption structure for the United States and Europe. However, given that three of the BRICs have corrosive environments that are as bad as or worse than Japan's, it appears that the Japanese model will have much greater compatibility in the future. Thus, investigation of the factors affecting the accuracy of the prediction models have shown that there are few factors that result in excessive evaluations by the models at the present time. As shown in Fig. 5 , the current reserves, and even the reserve base will be greatly exceeded by demand by 2050, so it will be necessary to resolve issues related to demand for metal consumption. In other words, demand will arise to make a concerted effort to reduce use and increase utilization efficiency, devise alternative materials which can manifest the same functions using elements in resource groups having high universality, and quickly develop technologies for recycling resources that are extracted from the ground used one time. To put it another way, as in agriculture where self-generating plants will be almost completely non-existent in the future, there will only be a very few cases where metal resources will be extracted from the ground. Rather, most resources will be man-made products or by-products, and it can be said that pressure is growing to shift relatively quickly to a system where resources are obtained from intermediate processed goods.
Concluding Remarks
The development of BRICs is leading to such demand for materials that by 2050, consumption of these materials will be 5 times what it is today. This will make it impossible to meet the demand solely with existing resource reserves. Furthermore, it is predicted that the consumption of some metals will even exceed their reserve base, so demand will rise to reconsider the use of these resources, and develop revolutionary new means of acquiring and recycling resources. Compared with increasing demand for such materials, the sustainability of decoupling at the current GDP level of the G6 countries would be much farther away, so demand is rising to quickly further entrench decoupling with revolutionary technological innovations.
